Abstract-A new ultrawide-bandwidth dielectric-rod antenna is presented with its application in detecting shallow targets, such as antipersonnel (AP) mines. The lowest hybrid mode is launched and guided along a circular-dielectric waveguide. The end of the waveguide is tapered to a point where electromagnetic waves are radiated out with field behavior similar to that radiated from a Hertzian dipole in the forward direction. The low antenna clutter and weak antenna-ground interaction are two unique features. Its near-field radiation properties are investigated by directly probing the fields and by numerical simulation with a three-dimensional finite-difference time-domain technique. Both measurement and numerical simulation results are presented for the detection of buried AP mines using a prototype dielectric-rod antenna operated at a frequency range from 1 to 6 GHz.
I. INTRODUCTION
T HE ground-penetrating radars (GPRs) have been used as nonintrusive instruments for subsurface investigation. For deep applications, a GPR is usually operated in the kilohertz and megahertz frequency ranges to achieve greater penetration. For shallow applications, such as the detection of buried landmines, the 1-6-GHz frequency range gives a reasonable tradeoff between penetration and resolution. For all GPR systems, the antenna design plays a vital role in the performance of the system. Broad bandwidth, good efficiency, and low antenna clutter are usually three important requirements of a good GPR antenna.
Most deep-application GPRs place their antennas close to the ground surface for better energy coupling and less surface scattering. A major drawback of this configuration is the strong antenna-ground interaction which can significantly change the antenna's characteristics. This has been shown in the literature, [1] - [3] . Such interaction produces noticeable antenna clutter. In a well-controlled environment, the effects of the interaction can be removed through the use of a known buried calibration target, however, in reality, it is not feasible to dig a hole for the placement of a calibration target within the mine field. In addition, the performance of the GPR system depends heavily on the surface and soil conditions that often vary from time to time and from place to place.
It is usually desirable to elevate the GPR antenna off the ground for shallow applications because both antenna-target Manuscript and antenna-ground interactions are reduced. However, there are two major problems. First, the ground surface reflection reduces both radar efficiency and sensitivity. Second, the surface roughness creates undesirable clutter that arrives at the radar over a wide time range due to scattering contributions from a large portion of the ground. This situation gets worse as the antenna height increases. One way to reduce the reflection from the ground surface is to radiate the ground at an oblique angle. Unfortunately, this remedy for the surface reflection increases the illumination area and causes higher surface clutter levels and wider time spreading making it even more difficult to detect a buried object. A focused-beam illumination was introduced by Chen et al. [4] to achieve a greater antenna-to-ground distance while keeping the illumination spot on the ground minimized. Although the antenna illumination was normally incident on the ground producing a strong surface reflection, it was shown that such a reflection can be easily separated from the scattered waves of a shallow target in the time domain. The major disadvantages of such an antenna are the bulky reflector and the minimum achievable spot size which is limited to approximately a wavelength at the lowest frequency of interest.
In this paper, a new ultrawideband (UWB) dielectric-rod antenna design is introduced for the detection of shallow objects. This new design provides localized illumination, weak antenna-ground interaction, convenient in-situ calibration, and compact size. A prototype dielectric-rod antenna was constructed to operate in the 2-6-GHz frequency range. The rod has a relative dielectric constant of approximately 3, length of 60 cm and width of 7.6 cm. A numerical model of this prototype was also constructed with the finite-difference time-domain (FDTD) method. The FDTD method has been successfully used in the past to model numerous problems involving antennas radiated energy into the ground [5] - [7] . In this paper, the propagation and radiation properties of the dielectric-rod antenna were investigated from both direct field probed data as well as numerical simulation data. The results verified that broad bandwidth electromagnetic energy was effectively radiating out of the tip with spherical wavefronts. This prototype antenna has been used for the detection of buried mines located at Fort A.P. Hill in Virginia, and measurements from this effort will be presented.
II. UWB DIELECTRIC-ROD ANTENNA
The use of a dielectric cylinder as a waveguide has been investigated by numerous researchers [8] - [10] . In particular, the propagation attenuation properties of the transverse electric (TE) and transverse magnetic (TM) modes in a dielectric circular rod was studied by Elsasser [10] . These modes have cutoff 0018-926X/03$17.00 © 2003 IEEE Fig. 1 . The dielectric-rod with "dipole mode." frequencies that limit them to narrow-bandwidth applications. On the other hand, hybrid modes do not have cutoff frequencies and, thus, are more suitable for broader bandwidth applications. The mode of interest for our application is the HE mode, which is also sometimes called the "dipole mode" since its field distribution is similar to that of an electrical dipole. Fig. 1 illustrates the field behavior of the "dipole mode" given by Walter [11] . The HE mode is guided along the dielectric-rod with both internal and external fields to satisfy the air-dielectric boundary conditions. The energy ratio of the internal and external fields have been investigated and can be found in [12] . When the rod diameter is much greater than an internal wavelength, most of the energy is guided within the rod with a phase velocity close to that of a plane wave in an infinite dielectric material. When the rod diameter is only a fraction of the internal wavelength, most of the energy is guided external to the rod with a phase velocity close to that of a plane wave in free space. Such behavior suggests some degree of dispersion caused by the phase velocity variation as a function of frequency. Therefore, a proper calibration is required to reduce the dispersion effect. When such a waveguide is terminated properly, the electromagnetic energy then radiates out and thus, gives rise to a dielectric-rod antenna.
Earlier work on dielectric-rod antennas have been reported by Mueller et al. [12] and Watson et al. [13] and were referred to as "polyrod antennas" since the rod was made of polystyrene. Mueller also studied the near-and far-field patterns for several different shapes of polyrod antennas [14] , [15] . Almost all previous rod antenna designs were narrow bandwidth devices due to the narrow band performance of the feed structure for the rod antenna. In addition, those rod antennas were used for far-field applications. The UWB feature of the new dielectric-rod antenna is achieved by utilizing a broad bandwidth feed which only excites the hybrid HE mode of a dielectric circular waveguide. The new ultrawide-bandwidth dielectric-rod antenna is mainly used for near-field measurements. As will be shown, the fields radiated from the new rod antenna resembles those from a Hertzian dipole. Therefore, the illumination spot size on the ground can be controlled by the antenna height. Another important feature of the new antenna is that it can be accurately calibrated. Measurement results for buried antipersonnel (AP) mines showed its superior performance compared to all our previous antennas. Some of these results will be discussed in this paper. Two key design issues of the new UWB rod antenna include: 1) choosing a proper low-loss dielectric material and rod diameter to be greater than one waveguide wavelength such that most energy is guided within the rod and 2) terminating the rod properly to reduce end reflections as well as interactions with the ground interface under measurement. The end could be terminated by tapering the diameter down, as adopted in this paper, or by tapering the dielectric constant or the combination of both [18] . The total termination length should be minimized to avoid excessive movement of the radiation center. 
III. FDTD NUMERICAL MODELING
A numerical model was created for the prototype rod antenna to gain a better understanding of its propagation and radiation properties. The three-dimensional (3-D) FDTD method [17] is used because of its ability to handle inhomogeneous media and provide accurate results valid over a wide range of frequencies at a modest computational cost. Fig. 2 shows the side view and cross-sectional view of the FDTD model near the radiating tip of the circular rod antenna positioned over a circular dielectric disk buried in soil. The 3-D computational domain is discretized into cubic cells where the cell dimension is in. A stairstep approximation is used to model the circular contour of the dielectric rod as well as the narrowing of the diameter of the dielectric rod down to its tip. Unlike a perfectly conducting stairstep, a dielectric stairstep produces significantly smaller errors. In addition, the relative dielectric for cells along the stairstep path is set to the average of the relative dielectric of the rod and the free space region. This "blurring" of the dielectric properties tends to further reduce the errors produced by the stairstepping. The time increment for the simulation is chosen to satisfy the stability criterion [18] . The anisotropic perfectly matched layer (PML) [19] is used to prevent reflections from the truncated boundary. The conductivity of the PML is chosen to have a quadratic variation along the direction in which attenuation is desired. The PML layers are eight-cells thick on all sides. The antenna is excited by an directed transient current pulse in the form of a differentiated Gaussian given by (1) where , , and s. This pulse was chosen because the frequency content of pulse is most significant over the desired operational frequency range of 1-6 GHz. Fig. 3(a) and (b) show the snapshots of the calculated field distribution of the copolarization component, i.e., , when the wave was propagating down the rod and was radiating into free-space, respectively. The gray scale indicates the field magnitude. It can be seen from Fig. 3(a) that most of the energy is confined in the dielectric rod as desired. Furthermore, the field distribution also indicates a pure mode has been excited. The energy then radiates out near the tip with a spherical wavefront which is also compared with a dashed circular arc as shown in Fig. 3(b) . It is also noticed from Fig. 3(b) that very little reflection occurs at the tip. This is achieved by a properly shaped tapering. Note that the radiation occurs when the rod diameter becomes less than the internal wavelength. A longer taper may further reduce the end reflection but would cause the radiation center to spread over a larger distance in the desired frequency range.
In GPR applications, it is often desirable to have a small illumination spot on the ground to minimize surface clutter and also achieve a good spatial resolution. The new UWB dielectric-rod antenna can achieve this goal when operating near the ground. The radiated copolarization and cross-polarization fields at 4 GHz on the ground surface shown in Fig. 2(a) are also calculated and shown in Fig. 4(a) and (b) . Different contours indicate different field intensity levels that have been normalized against the copolarization field intensity at center of ground surface. The radiated fields along the and axes are dominated by copolarization components as indicated by the negligible cross-polarization fields. The spherical nature of the radiated wavefront gives rise to the cross-polarization component in the off-axis regions. Therefore, the radiation properties of the new UWB dielectric-rod antenna in the forward direction is very similar to a Hertzian dipole. To demonstrate the wide bandwidth property of the radiation pattern, the radiated field distribution along the axis is plotted for different frequencies as shown in Fig. 5 . The actual field distribution for the prototype rod antenna was also measured and shown in Fig. 6 for comparison. As one can see, the measured data and the calculated data are in very good agreement. It can be seen that the width of the illumination spot remains approximately constant above 2.4 GHz, whose guided wavelength is approximately equal to the diameter of the rod.
The detection of a shallowly buried nonmetallic AP mine has been a challenging problem due to the combination of dominant ground surface scattering, weak target backscattering, and the close mine-surface distance. This difficulty worsens as the mine-soil dielectric contrast decreases or as the size of the mine gets smaller. The UWB dielectric-rod antenna has been chosen for landmine detection over other antennas due to its desirable small illumination area and weak antenna-ground interaction features. The latter allows one to perform a good antenna calibration. A FDTD model is developed to evaluate the performance of the UWB dielectric-rod antenna in detecting a buried nonmetallic AP mine that is simulated by a circular dielectric disk. The diameter and height of the disk are and in, respectively. The relative dielectric constant of the disk is chosen to be 3. A realistic relative dielectric constant of 9 and conductivity of 0.01 S/m were chosen for the soil. The tip of the antenna is elevated above the ground surface. Fig. 3(c) plots the calculated scattered field 0.431 ns after the dominant wavefront enters the ground. The scattered field is defined to be the difference between the field in the presence of the disk and the field in the absence of the disk. From the figure, it can be observed that the majority of energy is transmitted through the disk. The much weaker backscattered fields then enter the UWB dielectric-rod antenna, which indicates that an AP mine buried in a low-permittivity soil will be more difficult to detect. Significant multiple reflections occur between the air-ground and ground-mine interfaces. The weak antenna-ground interaction is verified by the fact that no observable multiple reflections occur between the antenna tip and the ground surface.
IV. UWB ROD ANTENNA CALIBRATION METHOD As mentioned earlier, calibration is necessary to reduce the dispersion effect for the weakly guided low-frequency components. First, a reference target was measured by placing a short conducting rod approximately 5 cm in front of the antenna tip with its axis parallel to the electric field. Second, any internal reflections caused by the internal mismatches at the cable connections, antenna feed, and antenna tip were also measured by simply aiming the rod into an empty space. The background response was then subtracted out of the data. A conventional radar calibration procedure was applied with the reference data and the exact solution calculated from a numerical technique such as the moment method. Another conducting rod with a different size was measured to verify the calibration. Fig. 7 compares the radar cross section of the calibrated data and its theoretical values obtained from the moment method. The agreement is very good. As one can see, such calibration procedure can be easily performed in the field.
V. MEASUREMENT EXAMPLES FOR BURIED AP MINES
The said prototype antenna was used to measure buried landmines at a government test site located at the Fort A.P. Hill, VA. The antenna tip was elevated two to three inches off the ground. Frequency-swept data were collected with a network analyzer at intervals of 0.54 cm as the antenna was moved along a straight line by a linear scanner. The data were then converted into the time domain via the Fourier transform. After each scan, the time versus position data were displayed to the operator as demonstrated in Fig. 8 where an AP mines, PMA-3, was buried at approximately 5-cm depth near 0.3 meter position. The PMA-3 mine has a flat cylindrical body whose height and diameter are 36 and 103 mm, respectively. This type of mine contains almost no metal content and is very difficult to detect with a mine detector. The gray scale is proportional to the measured voltage. The strong surface reflections are clearly seen at earlier time region (top of Fig. 8 ). This surface reflection can easily be significantly reduced if desired, using processing techniques [20] . It is shown here to demonstrate the unprocessed data. One way to look at more scattering details is to take the derivative of the data in the spatial direction. This is also included in Fig. 9 . Such a space-time scattering pattern is related to external and internal scattering characteristics such as the symmetry, shape, composition, edges, cavities, and thickness. It is also a function of the mine orientation. Special two-dimensional (2-D) image recognition techniques can be developed to extract various scattering features and perform mine classification. In the case shown here, Fig. 8 . Calibrated data of a low metallic AP mine, PMA-3 buried at 5-cm depth at the Fort A.P. Hill JUXOCO site using the new dielectric-rod antenna.
the type and location of the mine were known. It should be noted that such classification approach is made possible by the fine spatial and temporal resolution that are achieved by the good calibration, broad bandwidth, and small illumination spot-size characteristics of the new dielectric-rod antenna design. 
VI. SUMMARY
A new UWB dielectric-rod antenna design suitable for the detection of shallow buried targets is presented. A prototype antenna was built and tested. Good measurement results were obtained from government test sites. The wave propagation and radiation properties of this prototype were further verified by a numerical model based on the FDTD technique. Both measured data and calculated data indicate that the broad bandwidth electromagnetic fields are first guided along the rod and then radiated out near the end of the rod. The radiated wave properties are similar to those from a Hertzian dipole in the forward direction. It was shown that an accurate calibration can be done easily in the field. By controlling the antenna height to the ground surface, one can also control the illumination spot size and thus, control the surface clutter. To effectively guide the electromagnetic energy inside the rod, its diameter should be greater than one internal wavelength. The upper frequency bound is limited by the excitation of other modes.
